Tm-doped alkali germanate glass is investigated for use as a laser material. Spectroscopic investigations of bulk Tm-doped germanate glass are reported for the absorption, emission and luminescence decay. Tm:germanate shows promise as a fiber laser when pumped with 0.792 μm diodes because of low phonon energies. Spectroscopic analysis indicates low nonradiative quenching and pulsed laser performance studies confirm this prediction by showing a quantum efficiency of 1.69.
Introduction
One approach to Tm lasers uses materials co-doped with Yb and Er and ≈0.95 μm pump diodes. With this approach, Yb absorbs the pump photons, transfers the energy to Er, which subsequently transfers the energy to the Tm upper laser manifold. Even in the ideal case where every energy transfer process has unity efficiency, the ratio of photon energies limits the efficiency to ≈0.5. Another approach pumps Tm directly in the 3 H 4 manifold at 0.79 μm. If each pump photon produces only 1 Tm atom in the upper laser manifold, the 3 F 4 , then the ratio of pump to laser photon energies limits the efficiency to ≈0.4. However, Tm pumped by a 0.79 μm diode laser undergoes self-quenching. This produces two Tm atoms in the upper laser manifold. In this situation, the quantum efficiency is ideally 2.0 and the efficiency limit increases to ≈0. 8 . In Tm doped laser materials nonradiative decay competes with self-quenching. In silica glass, nonradiative decay is very competitive because the phonon energies of silica are high, extending to 1100 cm -1 [1] . Thus, the quantum efficiency is near 1.0 rather than 2.0. Germanate glass does not suffer as severely from this problem because the phonon energies are lower, extending to only 900 cm -1 [2] . In lanthanide doped glasses and crystals the highest energy phonons exercise the most influence in nonradiative relaxations because multiphonon decay occurs with the fewest number of phonons required to bridge the energy gap between two manifolds. To combat the deleterious effects of nonradiative decay, Tm:germanate glass is investigated. There are very few studies of the optical properties of Tm in germanate glass [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , and those in recent years concentrate on lead germanates [8-10, 12,13] . This study concentrates on alkali germinates. method, we estimated that the emission cross sections are accurate to approximately ±18%.
A diode pumped Tm:germanate fiber laser was constructed and evaluated. A collimated 30 W peak power laser diode passed through a dichroic that was designed to be highly transmissive at the pump wavelength and simultaneously highly reflective at the laser wavelength. An antireflection coated, 20 mm focal length lens concentrated the pump radiation on the Tm:germanate fiber. The other end of the fiber was butt coupled to a plane, highly reflective mirror. The laser output energy was collimated by the same lens used to concentrate the pump light and then separated by the dichroic. An RG 1000 color glass filter rejected any scattered pump light. An energy meter with a 5.0 ms integration time, matching the pump pulse length, measured the pump energy and laser output energy. The pump energy was measured between the laser diode array and the dichroic. No correction for the transmission of the dichroic and lens was used.
Both laser output energy and transmitted pump energy were measured as a function of the pump energy. Transmitted pump energy was measured by removing the highly reflecting mirror and measuring the energy with and without the RG 1000 color glass filter. The energy obtained with the color glass filter, after correcting for the transmission, was subtracted from the total energy to represent the unabsorbed pump radiation. Wavelength was measured using a 0.5 m monochromator with a 600 g/mm grating and a cooled InAs detector.
Results

Spectroscopy
In observing the absorption of the 3 F 4 manifold in Tm:germanate glass it is noticed that it exhibits a double peak structure which is not seen in Tm:silica or Tm:ZBLAN glasses [14] . This is partially true for the 1 G 4 manifold as well, where it is somewhat evident for Tm:ZBLAN, but not for Tm:silica. This likely indicates a localized symmetry about the Tm ions in germanate glasses. The absorption cross sections measured look very similar to those measured by Wang [8] for Tm-doped lead germanate glass and have similar values for the cross section. They are also in fair agreement with those reported by Balda [13] . The Judd-Ofelt theory [15, 16, 17] allows for the calculation of manifold-tomanifold transition probabilities, from which the radiative lifetimes and branching ratios of emission can be determined. A Judd-Ofelt analysis relies on accurate absorption measurements, specifically the integrated absorption cross section over the wavelength range of a number of manifolds. From the integrated absorption cross section, the line strength, S m , can be found
where ′ J is the total angular momentum of the lower state, found from the 2S+1 L J designation. The mean wavelength, λ , is found by the first moment of the spectral data, Σ λσ(λ)/Σ σ(λ), and the other symbols have their usual meaning. The utility of the Judd-Ofelt theory is that it provides a theoretical expression for the line strength, given by
where Ω t are the Judd-Ofelt parameters and the term in brackets are doubly reduced matrix elements in intermediate coupling. A Judd-Ofelt analysis minimizes the square of the difference between S m and S ED , with Ω t as adjustable parameters. Following this procedure, the Judd-Ofelt parameters are found to be Ω 2 = 6.14x10 -20 , Ω 4 = 1.54x10 -20 and Ω 6 = 0.873x10 -20 cm 2 . The electric dipole transition probability, A ED , for any excited state transition can now be calculated
where J is the total angular momentum of the upper state. Notice that this equation contains a term S MD , the magnetic dipole (MD) line strength. MD transition probabilities can be calculated separately [17, 18] . While MD transitions are normally orders of magnitude smaller than ED transitions, because ED transitions for lanthanides in solids occur as a result of a perturbation, some MD transitions will make significant contributions. The MD transition probabilities have been calculated here also and included in table 2. This calculation is discussed in detail in the appendix. The Judd-Ofelt parameters found in this study are compared to those found in the literature for various germanate glass compositions in table 2. It should be pointed out that caution must be exercised in comparing intensity parameters found in the literature because some older articles use the τ λ parameter instead of the Ω λ parameter commonly used today. These forms of the intensity parameter are related by
where n is the index of refraction and 3h/8π 2 mc = 9.2253x10 -12 cm. Many of the articles by Reisfeld in the 1970's use the τ λ parameter and should be converted to Ω λ parameters for proper comparison with modern articles. Comparison of parameters in the literature with the parameters found here are in fair agreement for the most part, with a few exceptions. Discrepancies can arise for a number of reasons since the Judd-Ofelt parameters can be sensitive to the accuracy of the absorption measurements as well as the transitions used in the fit. The results of the Judd-Ofelt analysis are shown in table 3. Five absorption measurements were used in the fit to obtain the Judd-Ofelt parameters. The manifolds used in the fit include: 1 D 2 , 1 G 4 , 3 F 2 + 3 F 3 , 3 H 4 , and 3 F 4 , with the 3 H 5 excluded. Table 3 . Calculated line strengths, transition probabilities, and branching ratios in Tm:germanate. The equations governing the rate of change of the populations of the 3 F 4 and 3 H 4 manifolds can be written as
Referring to figure 2, the 3 H 6 , 3 F 4 and 3 H 4 manifolds are designated by the numbers 1, 2 and 4, respectively. The energy transfer parameters in the above two equations are illustrated in this figure as well. The p 41 parameter is the self-quenching process and p 22 is its reverse process. Although it is not always taken into account, all energy transfer processes can have a forward and reverse process. In the case under consideration here, pumping the 3 F 4 manifold, the p 22 is the forward upconversion process and the p 41 is the reverse self-quenching process. Since there must be conservation of Tm excitations, then C Tm N s = n 1 + n 2 + n 4 . This can be used to eliminate n 1 from the equations. In addition, since the majority of excitations reside in the 3 F 4 pumping level, then n 2 >> n 4 , and all terms involving the terms n 4 2 and n 2 n 4 can be neglected compared to n 2 2 and n 4 . This allows equations 3 and 4 to be written as
where C Tm is the percent thulium concentration and N s is the total density of sites available for occupation by the Tm ions. Eq. 5 can be directly solved and the solution is
where n 20 represents the initial population density for t = 0 at the initiation of the pulse. Eq. 6 is more problematic to solve because the form of Eq. 7 does not lend itself to allowing this equation to be solved in closed form. However, Eq. 7 does not actually deviate substantially from a single exponential. The term in the denominator aids in taking into account the early time behavior of the decay when upconversion takes place. It is a very reasonable approximation to use only the numerator in Eq. 7 to solve Eq 6. With this approximation, equation 6 becomes
Making the substitutions 1/τ a = 1/τ 4 + p 41 C Tm N s and 1/τ b = 2/τ 2 , a trial solution of the following form can be made
At t = 0, n 4 (t) = 0 and it follows that A = -B. The experimental decay measurements of the 3 H 4 → 3 H 6 emission and the 3 F 4 → 3 H 6 emission have been discussed in the experimental method section. The data for the 3 F 4 decay was fit to Eq. 7 and the data for the 3 H 4 decay was fit to Eq. 9. The decay profiles are shown in figures 3 and 4 along with the best fit to the data and a single exponential fit for comparison. The fit in figure 4 is so good, in fact, that it is hard to discern from the actual decay curve.
The best fitting parameters from this analysis are shown in tables 4 and 5. The measured lifetime of 4293 μs in the 0.02 Tm 2 O 3 sample agrees well with the Judd-Ofelt value of 4045 μs, indicating that nonradiative quenching is not active for this sample. There is clearly a shortening of the 3 F 4 lifetime with higher concentration. This could be due to some energy transfer among the Tm ions or perhaps the presence of some impurity. Further investigations with a variety of samples containing a range of concentrations would be required to resolve this issue. This lifetime quenching of the Tm 3 F 4 manifold has been noticed in other Tm crystal and glass materials, but the mechanism has not been clearly understood yet. Now, regarding the 3 H 4 lifetimes, recall that τ 2 = 2 τ b by definition. This was an outcome of solving Eq. 6 for the 3 H 4 dynamics by assuming the 3 F 4 decay was predominantly exponential. Figure 3 shows this to be approximately true. From the analysis here, referring to tables 4 and 5, we find that τ 2 ≅ 2.6 τ b in reasonable agreement with the approximation. Luminesence was also detected from the 3 F 2 , 3 F 3 manifolds around 0.67 μm with similar time constants. These decay times, τ b , are longer than what would be expected from the 3 H 4 or 3 F 2 , 3 F 3 manifolds. The decay times must reflect the population change of the 3 F 4 manifold, which feeds the 3 H 4 through some upconversion process. The rise times reflect the timescale of the energy transfer processes. 
). All of the processes also have reverse processes, but only the reverse of p 22 , designated by p 41 , is shown. The latter two processes, p 43 and p 34 were chosen because they are the most resonant and, therefore, the most likely. For simplicity, the manifolds have been labeled from one to five, with the 3 F 2 and 3 F 3 being considered as a single manifold. To get some idea of the relative importance of these processes, the energy transfer rate constants can be written as [19] 
The ratio of the forward to reverse process can be calculated from Eq. 10 based only on Boltzmann statistics. It is found that p 43 /p 52 = p 34 /p 52 = 1.0565 and p 22 /p 41 = 0.0038. This seems to indicate that once p 22 populates the 3 H 4 manifold, the dominant process would be p 41 , and the system self-quenches strongly, but the 3 F 2 , 3 F 3 manifolds do get populated as is evidenced by the luminescence observed under 3 F 4 pumping. A curious aspect in considering these issues is that the Tm 3 H 5 manifold shows no detectable luminescence, even though reciprocity on absorption cross section measurements indicates that is has a respectable emission cross section. It is very likely that a combination of non-radiative and energy transfer processes deplete this manifold very rapidly to levels that cannot be measured. Nevertheless, it is clear that more studies will have to be done to resolve these issues.
The emission cross-section measurements of the 3 F 4 → 3 H 6 transition have been discussed in the experimental method section. The expression for the cross section is given by
where I(λ) is the emission spectrum intensity, τ r is the radiative lifetime, β is the branching ratio, or fraction of total photon flux from the upper to lower state, and n is the index of refraction. β =1 for the 3 This spectrum shows the broad features typical of glasses. The peak cross section occurs around 1.865 μm with a value of 5.65x10 -21 cm 2 . Measurements in lead germanate glass have reported this peak emission cross section as 4.2 x10 -21 cm 2 by Sheperd [9] and as 7.7 x10 -21 cm 2 by Balda [13] . A study by Zou [11] reports it as 6.8 x10 -21 cm 2 in alkali germanate glass. Our measurement is certainly within the range of the others. Such values are typical of the relatively small cross sections associated with Tm ions in solids. Although the spectrum is broad as is typical in glasses, it is possible to obtain some information on the energy levels by using the reciprocity of emission and absorption [20, 21] . The emission and absorption cross sections are related by
where Z l / Z u is the ratio of partition functions of the lower and upper manifolds, respectively, E ZL is the zero-line, defined as the energy difference between the lowest Stark level of the upper manifold and the lowest Stark level of the lower manifold. The constants are hc = 1x10 7 nm-cm -1 , and kT = 0.695 cm -1 at room temperature. Generally speaking, the room temperature value of the Z l / Z u ratio is typically in the range of 1.2 to 1.6 for most Tm-doped crystals. Performing a reciprocity calculation gives a range for E ZL of between 5625 and 5685 cm -1 , corresponding to between approximately 1759 and 1777 nm. The true value of Z l / Z u is not known, but an estimate of the position of the zero-line is likely somewhere in this 18 nm range. This establishes an approximate position of the lowest Stark level of the Tm 3 F 4 manifold in germanate glass.
Pulsed laser experiments
The laser measurements have been discussed in the experimental set-up section. Laser output energy versus optical diode pump energy for 7 fiber lengths were fit to a linear relation, defining the threshold and slope efficiency. The laser output energy versus pump energy for the 0.57 and 1.07 m fiber lengths are shown in Figure 6 . The slope efficiency and threshold for the 0.57 m fiber was measured to be 12.4% and 32.8 mJ, respectively. For the 1.07 m fiber, 14.0% and 36 mJ were measured. Laser wavelengths ranged between 1.95 and 1.97 μm for the various fiber lengths. Transmitted pump energy versus optical diode pump energy were also recorded versus fiber length. Transmitted pump energy versus fiber length for seven different fiber lengths appears in Figure 7 . The fit to this data shows an exponential trend. Slope efficiency and transmitted pump energy data were used to infer a quantum efficiency of 1.69. Fitting the transmitted pump energy versus fiber length data to an exponential yields the launch efficiency, η L , and the average absorption cross-section of the pump radiation, σ abs . The slope efficiency, σ S , can be approximated by
where R M is the output mirror reflectivity, R L represents the losses, η Q is the quantum efficiency, L is the fiber length. R M can be calculated from the Fresnel coefficient because the refractive index is known and R L can be estimated. Because R M is so low, the slope efficiency is nearly independent of R L . Lower values of R L than the estimated value, 0.95, imply higher values for η Q . Inserting the measured slope efficiency and measured values for the other parameters on the right hand side yields a quantum efficiency of 1.69.
Discussion
A substantial number of results have been presented here on the spectroscopy and pulsed laser action of Tm:germanate glass. The absorption cross section measurement shown in figure 1 is quite consistent with results in the literature [8, 13] . A Judd-Ofelt analysis relies on accurate absorption measurements. In particular, the integrated absorption cross section over the wavelength range of as many manifolds possible. This is especially true in the case of Tm ions since there are few manifolds available for study. The integrated absorption cross sections over wavelength for six manifolds was shown in table 1. Due to overlap of the 3 F 2 and 3 F 3 manifolds, these manifolds must be treated as a single manifold and the sum of their matrix elements are used in the Judd-Ofelt theory. In practice, the Judd-Ofelt theory has been used with great success to determine branching rations and lifetimes in a great number of ion-host systems. The set of phenomenological parameters, Ω λ (λ = 2, 4, 6), determined by fitting the experimental absorption, in a least squares difference sum, with the Judd-Ofelt expression are shown in table 2 and are compared with the parameters obtained in five other studies [4, 6, 7, 12, 13] . Overall, the Judd-Ofelt parameters shown in table 2 for Tm:germanate glasses show the trend Ω 2 > Ω 4 > Ω 6. The exception seems to be the study by Wachtler [12] , where the Ω 4 is unusually low. The most likely reason for this is a poor fit to the experimental absorption data. This might explain why Ω 2 is also somewhat lower than might be expected. This could occur if the 3 H 5 manifold was used in the fit. In Tm-doped materials the 3 H 5 manifold should not be used in the fit since it has a rather large magnetic dipole component and including it can skew the results. The parameters obtained in this study predicted a Judd-Ofelt radiative lifetime of 4.045 ms, which agrees quite well with the value of 4.293 ms measured for a 0.02 Tm germanate glass sample. This is an indication that nonradiative quenching of the 3 F 4 laser manifold is not a problem. The quenching of the 3 F 4 lifetime at 0.04 Tm remains unknown. Further study is needed to resolve this issue.
The emission properties have been measured for the 3 F 4 cross section and the lifetime dynamics of this manifold. The peak emission cross section measured in this study was in fair agreement with previous studies [9, 11, 13] . In general, cross section measurements are only accurate to approximately 20%. The literature values range from 4.2 to 7.7x10 -21 cm 2 , while this study measured 5.65x10 -21 cm 2 , which is about 25% different from the minimum and maximum values in the literature. An analysis of the emission decay dynamics of the various Tm manifolds yields insight into the optimum laser design. Tm dynamics were studied by pumping the first excited manifold of Tm using a Q-switched Co:MgF 2 laser. Under short pulse pumping the fluorescence decay data, averaged over 1024 fluorescence curves, from the 3 H 4 and 3 F 4 manifolds were fit to equations derived from a rate equation model developed in this paper. Data was analyzed for two Tm concentrations, 0.02 and 0.04. Several items are noteworthy. First, the decay curves suggested by the solution of the differential equation for the 3 F 4 and 3 H 4 fluorescence provide an excellent fit to the data, with correlation coefficients near one. Second, the approximation of a single exponential in the differential equation for the 3 H 4 fluorescence is a reasonable approximation. Third, the observed decay constant, τ b , is indeed nearly half that of τ 2 , as expected by the analysis. Fourth, the lifetime τ 2 is reduced in going from 0.02 to 0.04 Tm implying that the lifetime of the Tm 3 F 4 manifold is quenched at higher concentration. These results have served to elucidate the energy transfer dynamics further.
A diode pumped Tm:germanate fiber laser was constructed and evaluated as a function of fiber length. Despite the large numerical aperture of the Tm:germanate fiber and the fast focusing lens, the launch efficiency into the fiber was low. This is ascribed to a large pump spot radius at the focus into the fiber, ~100 μm, compared with the inner cladding radius of the fiber, 52 μm. In addition, the peak emission of the laser diode array occurred at 0.784 μm with a temperature near 29 °C rather than the peak Tm absorption near 0.792 μm. Temperature tuning above 29 °C was not pursued to avoid stressing the laser diode array even though the absorption at 29 °C was about half the peak absorption. Although optimal pumping conditions were not achieved, in an ~1 m fiber, ~16 mJ was obtained utilizing a 4.5 ms pump pulse length. Clearly, these results can be improved upon, but the present results allow for an assessment of the quantum efficiency, which is shown to be 1.7. The spectroscopic and laser performance data presented here support the inference of this quantum efficiency.
where μ B = ( h /2mc) and the term in brackets is the magnetic dipole matrix element. These values can also be calculated from LS coupled values tabulated in the book by Nielson and Koster [22] , remembering that conversion to intermediate coupling must be used [17, 18] .
It was noted that the Tm 3 H 5 manifold was excluded from the fit due to the fact that it has a strong magnetic dipole component. The transition probabilities given in Eq. 3 include both electric and magnetic dipole contributions. The calculation of magnetic dipole transition probabilities is more straightforward than the calculation of electric dipole transitions. The transition probability for MD transitions can be written as
The matrix elements of the MD operator, L+2S, as well as the 4 f n intermediate coupled wavefunctions, are required to make this calculation. The matrix elements can be calculated from Eqs. A3 -A5 [17] .
Many 4 f n intermediate coupled wavefunctions can be found in the literature. The wavefunctions for Tm 3+ ions in ethyl sulphate were taken from Krupke [23] . Generally speaking, the wavefunctions, like the matrix elements, are independent of the host material since the energy levels of a given lanthanide ion vary only by relatively small amounts (~ several hundred cm -1 ) from host to host. This is due to the weak perturbation that the crystal field of the host has on the optically active site of the lanthanide ion embedded in the host material. The intermediate coupled wavefunctions are shown here for Tm 3+ ions in table A1, taken from the article by Krupke. Rearranging Eq. A2 and using h = 6.5826x10 -16 eV-s, c = 2.998x10 17 nm/s, e 2 / hc =1/137, the fine structure constant, and mc 2 = 0.511 MeV, the constant factor is determined to be This MD value is clearly a substantial contribution to the total transition probability when compared to the ED value from the Judd-Ofelt analysis in table 3. This demonstrates clearly why the 3 H 5 manifold was excluded from the Judd-Ofelt fit. Adding the MD value calculated here to the ED values for the 3 H 5 manifold in table 3, the total transition probability becomes A = 282.98 s -1 , resulting in a radiative lifetime of 3.53 ms. The other manifolds can have their radiative lifetimes corrected as well by adding MD contributions. Selection rules are ΔS = 0, ΔL = 0 and ΔJ = ±1, which narrows the number of calculations that must be performed. Note that the 3 F 4 manifold has no MD transition.
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